control cells were transfected to co-express exogenous or native wild-type PS1 and pANP.emd or pVGLUT1-EGFP. The vesicle mobility was analysed at rest and after ATP stimulation that increased intracellular calcium activity. Results: In PS1DE9 astrocytes, spontaneous mobility of both vesicle types was reduced (P < .001) when compared to controls. Post-stimulatory recovery of fast vesicle mobility was hampered in PS1DE9 astrocytes. The ATP-evoked peptide release was less efficient in PS1DE9 astrocytes than in the controls (P < .05), as was the pre-stimulatory mobility of these vesicles. Conclusion: Although the PS1 mutants PS1M146V and PS1DE9 differently affect ER Ca 2+ conductance, our results revealed a common, vesicle-type indiscriminate trafficking defect in PS1DE9 astrocytes, indicating that reduced secretory vesicle-based signalling is a general deficit in AD astrocytes.
have the earliest age of disease onset, 43 AE 9 years. 1 Presenilins (PSs), 50-kDa proteins with nine transmembrane domains, 2 reside in the endoplasmic reticulum (ER) 3 and putatively act as passive low conductance ER Ca 2+ leak channels 4 ; FAD mutations in PSs may result in deranged Ca 2+ signalling. 5 Currently, 219 FAD-causing (pathogenic) PS1 mutations have been identified (http://www.molgen. vib-ua.be/ADMutations), whereby most are simple missense mutations that result in single amino acid substitutions in PS1, while some are more complex, like small deletions, insertions or splice mutations. The most severe PS1 mutation is a donor-acceptor splice mutation that causes two amino acid substitutions and an in-frame deletion of exon 9 (PS1DE9). 6 Although crucial, the phenotypic alterations caused by diverse PS1 mutants in FAD-affected brain cells are largely unknown. In particular, we lack insights into astrocyte dysfunction underlying expression of particular PS1 mutant, which is critical, as neurodegeneration in AD may not begin exclusively as a neuron-derived insult, 7 but also as a failure in astroglia, 8 cells that otherwise maintain multifaceted brain homeostasis. 9 In theory, each PS1 mutant could give rise to a uniquely altered cellular phenotype or alternatively, diverse PS1 mutations result in just a few (or even one) phenotypic alterations in PS1 mutants expressing cells. In 3xTg-AD mouse model that mimics histopathology of AD, 10 neonatal cortical astrocytes expressing PS1-M146V, a mutant putative cation channel with decreased Ca 2+ conductance, 4 displayed impaired traffic of exo-and endocytotic vesicles and reduced secretion of the signalling peptides. 11 In this AD mouse model, cognitive impairments were manifested at age of 4 months, while synaptic dysfunction, including long-term potentiation deficits occurred prior to the appearance of extracellular Ab deposits that first became evident at age of~6 months. 12 In another AD mouse model expressing the Swedish mutation of amyloid precursor protein (APPSwe) and PS1DE9, a putative ER cation channel with increased Ca 2+ conductance, 4 deficits in transient long-term potentiation were observed at the age of 3 months, while Ab deposits appeared at the age of 6 months. 13 These results question the view whether calcium homeostasis disrupted by intra-neuronal accumulation of amyloid-beta (Ab) is the sole initiating factor of synaptic dysfunction. 5, 14, 15 Moreover, astrocyte dysfunction underlying expression of mutated PS1DE9 was never examined. We thus studied phenotypic alterations in peptidergic and glutamatergic vesicle traffic and Ca 2+ -regulated release of gliosignalling molecules in neonatal cortical rat astrocytes transfected to express PS1DE9 in conjunction with fluorescent markers of peptide-laden (ANP.emd) or glutamate-laden (VGLUT1-EGFP) secretory vesicles. Double transfected cells were maintained in vitro and compared to the age-matched controls transfected to express exogenous or native wild-type PS1 and ANP.emd or VGLUT1-EGFP. Our results revealed reduced spontaneous mobility of both secretory vesicles, hampered post-stimulatory recovery of vesicle mobility and diminished release of gliosignalling peptides from PS1DE9 astrocytes.
2 | RESULTS
| Reduced spontaneous mobility of peptidergic vesicles in PS1DE9 astrocytes
Mobility of ANP-laden peptidergic secretory vesicles was imaged first, and the motion patterns were analysed in time sequences of confocal micrographs acquired in transfected controls, PS1wt and PS1DE9 astrocytes (Figures 1A ,B) from five different cultures. Mobile vesicles exhibited directional and non-directional mobility (as indicated by the contorted and by the elongated vesicle tracks; see also 16 ). In control astrocytes ( Figure 1C , see also Video S1_ANP_control), more elongated tracks were generally observed than in PS1DE9 astrocytes ( Figure 1D , see also Video S2_ANP_PS1DE9), indicating reduced directional mobility of peptidergic vesicles. To quantify differences in spontaneous vesicle mobility, four parameters (the track length (TL), the maximal displacement (MD), the directionality index (DI = MD/TL) and the speed were determined in 15-s epochs. The mobility of 1468 vesicles in controls (N = 10), 1648 vesicles in PS1wt (N = 10) and 1375 vesicles in PS1DE9 cells (N = 10) was analysed. In comparison with controls, the vesicle TL was significantly reduced by~9% (N = 10, Figure 1E ; P < .001), the MD by~18% (N = 10, Figure 1F; P < .001), the DI by~13% (N = 10, Figure 1G , P < .001) and the vesicle speed by~9% in PS1DE9 astrocytes (N = 10, Figure 1H ; P < .001). When compared to PS1wt astrocytes, the same mobility parameters were significantly reduced by~12% (N = 10, Figure 1E ; P < .001), by~16% (N = 10, Figure 1F ; P < .001), bỹ 4% (N = 10, Figure 1G ; P < .05) and by~12% in PS1DE9 astrocytes (N = 10, Figure 1H ; P < .001). With the sole exception of DI, other mobility parameters did not differ significantly in controls and PS1wt astrocytes. Due to high similarity of peptidergic vesicle mobility observed in PS1wt astrocytes transfected to express exogenous PS1wt and ANP.emd, and in transfected controls expressing native PS1 and ANP.emd, the later cells were used as controls in all subsequent experiments. Overall, the spontaneous mobility of peptidergic vesicles was diminished in PS1DE9 astrocytes. Additionally, we also examined the relationship between the size of vesicles (given by their area) and the speed of their motions in controls and in PS1DE9 astrocytes. As revealed by the Pearson correlation coefficient (R) of À.01 in controls (P = .915) and À.04 (P = .602) in PS1DE9 astrocytes, the size of individual peptidergic vesicles (N = 153) was not correlated with their speed of motion at rest (data not shown).
| Reduced spontaneous mobility of glutamatergic vesicles in PS1DE9 astrocytes
Next, we examined the spontaneous mobility of glutamatergic vesicles (VGLUT1-EGFP-positive) in controls and PS1DE9 astrocytes (Figures 2A,B Figures 1C,D) . In both controls and PS1DE9 astrocytes, the vesicle tracks appeared rather contorted (Figures 2C ,D, see also Video S3_VGLUT1_control and Video S4_VGLUT1_PS1DE9). To gain detailed insight into spontaneous mobility of these vesicles, the mobility of 870 glutamatergic vesicles in controls (N = 11) and 850 vesicles in PS1DE9 cells (N = 11) was further compared. In PS1DE9 astrocytes, the vesicle TL was significantly reduced by~8% (N = 11, Figure 2E ; P < .001), the MD by~24% (N = 11, Figure 2F ; P < .001), the DI by~19% (N = 11, Figure 2G ; P < .001) and the vesicle speed by~8% (N = 11, Figure 2H ; P < .001) in comparison with controls. As further revealed by the Pearson correlation coefficient of À0.15 in controls (P = .196) and 0.40 in PS1DE9 astrocytes (P = .002), the size of individual glutamatergic vesicles (N = 80) was either not or only weakly correlated with their speed of motion (data not shown).
2.3 | ATP-evoked reduction in directional mobility of peptidergic vesicles is larger, while the post-stimulation recovery of directional mobility is slower in PS1DE9 astrocytes
The alteration of vesicle mobility due to ATP-evoked increase in [Ca 2+ ] i was evaluated by measuring the timedependent changes in vesicle TL and MD 1 minute before and 2 minutes after application of 100 lmol L À1 ATP to the cells (Figures 3A-D) . In controls, during the first poststimulation minute, TL was reduced (P < .001) by~48% and by~38% during the second minute of recording, whereas the MD was reduced (P < .001) by~66% during the first minute and by~54% during the second minute after ATP application. In PS1DE9 astrocytes, there was a lesser reduction in these trafficking parameters mainly due to smaller initial values at rest (compare Figures 3A,B for TL, and Figures 3C,D for MD), along with a similar "flooring" in the ATP-evoked reduction of mobility in both cells types. Thus, TL was reduced (P < .001) bỹ 42% during the first and by~37% during the second post-stimulation minute, whereas the MD was reduced (P < .001) by~61% during the first and by~54% during the second minute after ATP application. To gain insight into the ATP-evoked diminishment of directionality of vesicle motions, we plotted the relationship between TL and MD, and fitted a linear function [MD = MD 0 +a9 2.4 | ATP-evoked reduction in directional mobility of glutamatergic vesicles is larger, while the post-stimulation recovery of mobility is slower in PS1DE9 astrocytes
As observed in peptidergic vesicles, the post-stimulatory mobility of glutamatergic vesicles was also reduced
In control astrocytes, TL was reduced (P < .001) by~13% during the first and by~8% during the second minute post-stimulation, whereas the MD was reduced (P < .001) by~42% during the first and bỹ 31% during the second minute of ATP application. In PS1DE9 astrocytes, TL was reduced (P < .001) by~6% during the first and by~2% during the second post-stimulation minute, whereas the MD was reduced (P < .001) by~20% during the first and by~11% during the second minute of ATP application. Thus, as with peptidergic vesicles, there was a lesser reduction in MD and TL for glutamatergic vesicles in PS1DE9 astrocytes, owing to retarded initial trafficking values at rest (compare Figures accomplished between the two successive image frames ( Figure 7A ), consistent with previous observations in rat and mouse astrocytes. 11, 18 The rate of peptide release from individual vesicles was equal in controls, PS1wt and PS1DE9 astrocytes as confirmed by the measurements of s 20%-80% ; 0.53 AE 0.02 s in controls, 0.56 AE 0.02 seconds in PS1wt astrocytes and 0.51 AE 0.03 seconds in PS1DE9 astrocytes respectively (data not shown; P = .880, P = .516 and P = .451). In contrast, the number of ATPevoked elementary secretion events per cell and unit time was substantially diminished in PS1DE9 astrocytes; it was 20 AE 6 in controls (N = 8), 22 AE 5 in PS1wt astrocytes (N = 8) and 8 AE 2 in PS1DE9 (N = 8) astrocytes respectively (P < .05; Figure 7C ). Overall, the Ca
2+
-dependent exocytotic secretion of ANP was reduced in PS1DE9 astrocytes. The plots of relative frequency distributions and the relative cumulative frequency distributions ( Figures 7D-F) revealed similar time profile of ATP-evoked secretory events (Kolmogorov-Smirnov test, P = .317, P = .206, P = .234) in all groups of astrocytes. The majority of exocytotic secretory events were observed during the first half of the 4-minute cell stimulation with ATP, where intracellular calcium activity was likely higher. It thus appears that reduced Ca 2+ -dependent secretion of ANP from PS1DE9 astrocytes ( Figure 7C ) underlies less effective delivery of exocytotic peptidergic vesicles (Figure 1 ) towards the plasmalemma. 29 It is thus likely that mobile astrocytic vesicles bind few (1-2) kinesin and up to a dozen (6-12) of dynein motors to enable their bidirectional motions along the microtubules. 30 The decreased vesicle speed in PS1DE9 astrocytes (Figures 1H and 2H ) may indicate that vesicles were arrested more frequently along the cytoskeleton or alternatively were less effectively dragged by the motor proteins during progressive "walking" without dissociating from the cytoskeleton track. 31 The mechanistic reason for reduced vesicle mobility in PS1DE9 astrocytes is unclear, but PS1DE9 mutation was reported to increase activation of glycogen synthase kinase 3b (GSK3b), which increases the . Note similar time distribution of ATP-evoked release events; more events were observed in the first than in the second two-minute period after ATP stimulation phosphorylation of kinesin, thereby leading to reduced binding of microtubule-associated motor proteins to the membrane-bound cargo 21, 22 and reduced kinesin-driven motility. 32 Moreover, inhibition of serine/threonine protein phosphatases in rat hepatocytes increased the phosphorylation of the cytoplasmic dynein and inhibited dynein ATPase activity, essential to generate force from the hydrolysis of ATP powering the cargo transport along microtubules. 33 Diminished vesicle mobility observed in our study (Figures 1 and 2) corroborates the earlier morphological observations [34] [35] [36] indicating a reduced surface area and volume of astroglia measured as GFAP-and glutamine synthetasepositive astroglial profiles in the affected brain regions as early as in 1-month-old AD mice. Morphological remodelling of astrocytes may contribute to memory impairment 37 through altered synaptic coverage and deficient homeostatic support, which together may lead to synaptic dysfunction, 38 affecting neuronal information processing.
| DISCUSSION
Small changes in vesicle mobility may thus lead to longterm changes in astrocyte function contributing to the development of neurodegeneration in AD, a process taking decades.
39,40
3.2 | Altered calcium homeostasis differentially affects vesicle mobility in control and PS1DE9 astrocytes
The ATP stimulation reduced directional mobility of both secretory vesicle types and was more pronounced in PS1DE9 astrocytes. The latter may indicate that secretory vesicles in PS1DE9 astrocytes more frequently disconnect from the cytoskeleton tracks to be transported by the Brownian motion in the cell cytosol. In addition to changes in microtubule-associated motor protein activity and their binding to vesicles, impaired Ca 2+ homeostasis may also account for reduced mobility in PS1DE9 astrocytes at rest (Figures 1 and 2 ) and especially after cell stimulation (Figures 3-6 ). In accordance with this possibility, transient reduction in mobility of astrocytic vesicles correlated well with stimulus-evoked increase in astrocytic [Ca 2+ ] i. 31, 41 The tendency for post-stimulatory recovery of vesicle mobility was slower in PS1DE9 than in control astrocytes (Figures 4 and 6) , which may indicate that ATP evoked more prolonged elevation in [Ca 2+ ] i in PS1DE9 astrocytes than in the controls. In human SH-SY5Y neuroblastoma cells, carbachol stimulation gave rise to a greater increase in [Ca 2+ ] i in PS1DE9-expressing cells, which took longer to return to the basal levels when compared to control cells expressing wild-type PS1. The long tail-off effect was mediated by inositol trisphosphate receptor and ryanodine receptors in PS1DE9-expressing SH-SY5Y cells that also had an enhanced basal phosphoinositide hydrolysis, and increased [Ca 2+ ] i when compared to controls. 42 In neurons, PS1 associates with microtubules and microfilaments, 43 and with cytoskeleton-binding proteins, including the microtubule-associated protein tau 44 and the actinbinding protein filamin. 45 FAD-linked PS1 mutants M146V, I143T and DE9 display reduced PS1 cytoskeletal binding, diminish the nuclear translocation of the Notch1 intracellular domain and deregulate neurite growth. 43 On the other side, pharmacological depolymerization of astrocyte cytoskeleton 46 and an agonist-evoked increase in [Ca 2+ ] i may also affect vesicle mobility, by compromising structural integrity of the cytoskeleton, in particular of microtubules. 31 As microtubule disassembly typically -regulated exocytosis, as pre-stimulatory mobility of secretory vesicles was reduced ( Figures 1E-H) , whereas cargo release kinetics from vesicles was not impaired in PS1DE9 astrocytes ( Figures 7A,B) . Our results thus contrast findings of de Diego et al 49 who measured single-amperometric exocytotic events in chromaffin cells from aged mice co-expressing the human PS1 mutant (A246E) and the APPSwe (and also from the control C57 mice), and found 45% shorter spike half-width, 60% smaller quantal size and 50% faster decay time in spikes in APP/PS1 cells indicating subtle differences in the last steps of exocytosis that could be related to synaptic dysfunction of the secretory machinery. The seemingly disparate findings may be a result not only of expression of PS1DE9 in our study as opposed to PS1A246E and APPSwe in the other study, but also of the use of different agonist and cells to evoke increase in [Ca 2+ ] i . Chromaffin cells, the modified sympathetic neurons from adrenal medulla, which release catecholamines in response to high K + depolarization 49 cannot be directly compared to the astroglia releasing gliosignalling peptides in response to ATP stimulation that transiently mobilizes intra-/extracellular Ca 2+ into the cytosol 48, 50, 51 after activation of purinergic receptors. 52 Both examined cell types also express the non-identical SNARE proteins and SNARE-associated proteins involved in the regulation of vesicle docking and fusion 53, 54 and the fusion pore activity, 23, 55 and are also affected by elevated [Ca 2+ ] i with dissimilar peak values and temporal profiles 48, 56 ; all could account for the differences observed in both studies. Notably, a role of presenilins in the activity-dependent regulation of transmitter release by modulation of intracellular Ca 2+ was also reported in hippocampal neurons. 57 In summary, our experiments revealed that expression of mutated presenilin 1 (PS1DE9) in cultured astrocytes reduces vesicle dynamics, hampers post-stimulatory recovery of vesicle mobility and reduces evoked release of the signalling molecule ANP; these alterations diminish efficacy of gliosignalling and likely reduce homeostatic performance of astroglia in vivo.
| MATERIALS AND METHODS

| Cell culture
Primary astrocyte cultures were prepared from neocortices of 3-day-old female Wistar rats (obtained from Medical Experimental Centre at the Institute of Pathology, University of Ljubljana, Slovenia) as described. 58 The U mL À1 penicillin/5 lg mL À1 streptomycin in an atmosphere of 5% CO 2 /95% air. To purify isolated cells, subconfluent cultures were shaken at 225 rpm overnight with three subsequent medium changes. Before the experiments, the cells were trypsinized, subcultured onto poly-L-lysinecoated coverslips and maintained at 37°C, in an atmosphere of 5% CO 2 /95% air. On the next day, cultured cells were transfected with the plasmids as described below.
| Cell transfection
To visualize individual secretory vesicles and to examine the effect of mutated presenilin 1 (PS1DE9) on their dynamics, cultured astrocytes were cotransfected with 1) the plasmid encoding atrial natriuretic peptide C-terminally tagged with emerald green fluorescent protein (ANP. 
| Solutions
Extracellular solution (ECS) consisted of (in mmol L À1 ):
130 NaCl, 5 KCl, 2 CaCl 2 , 1 MgCl 2 , 10 D-glucose and 10 HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid), pH 7.2 with NaOH. Unless stated otherwise, all chemicals were of the highest grade of purity available (Sigma-Aldrich, Munich, Germany).
| Analysis of vesicle mobility and cargo secretion
Astrocyte-loaded coverslips were mounted into the recording chamber and transferred to a confocal microscope (LSM 780; Zeiss, Jena, Germany) equipped with a planapochromatic oil-immersion objective (63 9 /NA 1.4). ANP.emd and VGLUT1-EGFP were excited by a 488-nm argon laser line, and emission fluorescence was filtered with a band-pass filter 495-550 nm. Time-lapse images were acquired every~0.5 seconds for 1 minute before and 4 minutes after stimulation with 100 lmol L À1 ATP. The mobility of peptidergic (ANP.emd) and glutamatergic (VGLUT1-EGFP) vesicles was analysed by ParticleTR software (Celica, Ljubljana, Slovenia) in exported tiff files. 16 Typically,~20-40 randomly selected mobile vesicles were tracked per cell, and the track length (TL; the pathway that individual vesicles travelled), the maximal displacement (MD; the farthest translocation of a vesicle), the directionality index (DI = MD/TL) and the speed were determined; all parameters were estimated for 15-seconds epochs. Analysis of the vesicle mobility was performed before and 2 minutes after the onset of ATP stimulation (100 lmol L À1 ).
Individual exocytotic cargo (ANP.emd) secretion events 60 were identified visually in time-lapse confocal images of transfected cells and analysed as described previously. 11, 61 For statistical evaluation, the mean number of release events per cell within 4 minutes after ATP application was compared in control, PS1wt and PS1DE9 astrocytes. The rate of cargo release from individual vesicles was measured by custom-written MATLAB software (MathWorks, Natick, MA, USA) as the time necessary for a vesicle fluorescence decrease from 80% to 20% of the maximal fluorescence (t 80%-20% ).
| Statistical analysis
The parameters of vesicle mobility (TL, MD, DI and speed) and the number of elementary secretory events were expressed as means AE SEM. The relationship between the apparent size and speed of individual vesicles was quantified by calculating the Pearson product-moment correlation coefficient. Statistical significance was determined with the Mann-Whitney U test using SigmaPlot 11.0 (Systat Software Inc., San Jose, CA, USA) and with ANCOVA using MATLAB (MathWorks).
